The biopharmaceutical industry has become increasingly focused on developing biosimilars as less expensive therapeutic products. As a consequence, the regulatory approval of 2 antibody-drug conjugates (ADCs), Kadcyla Ò and Adcetris Ò has led to the development of biosimilar versions by companies located worldwide. Because of the increased complexity of ADC samples that results from the heterogeneity of conjugation, it is imperative that close attention be paid to the critical quality attributes (CQAs) that stem from the conjugation process during ADC biosimilar development process. A combination of physicochemical, immunological, and biological methods are warranted in order to demonstrate the identity, purity, concentration, and activity (potency or strength) of ADC samples. As described here, we performed extensive characterization of a lysine conjugated ADC, ado-trastuzumab emtansine, and compared its CQAs between the reference product (Kadcyla Ò ) and a candidate biosimilar. Primary amino acid sequences, drug-to-antibody ratios (DARs), conjugation sites and site occupancy data were acquired and compared by LC/MS methods. Furthermore, thermal stability, free drug content, and impurities were analyzed to further determine the comparability of the 2 ADCs. Finally, biological activities were compared between Kadcyla Ò and biosimilar ADCs using a cytotoxic activity assay and a HER2 binding assay. The indepth characterization helps to establish product CQAs, and is vital for ADC biosimilars development to ensure their comparability with the reference product, as well as product safety.
Introduction
Antibody-drug conjugates (ADCs) or immunoconjugates are a sub-class of biotherapeutics designed to facilitate the targeted delivery of potent cytotoxic drugs to cancer cells. The creation of ADC molecules as a therapeutic modality realized, to a certain degree, a long-standing wish for a "magic bullet" that could be harnessed to deliver cytotoxic therapy directly to the source of the disease. 1 ADCs are composed of a cytotoxic drug linked to a monoclonal antibody (mAb) via a chemical linker. The combination takes advantage of the enhanced selectivity of mAbs targeting cancer-specific antigens, and utilizes highly potent cell-killing agents that are otherwise too toxic to develop as therapeutics by minimizing systemic toxicity. ADCs have recently shown promise in the treatment of various cancers. 2 Many novel ADCs are currently in preclinical, early clinical or late-stage clinical development for the treatment of solid and hematologic tumors. 3, 4 Two ADC drugs were approved recently by the US Food and Drug Administration (FDA), brentuximab vedotin (Adcetris Ò , Seattle Genetics), and ado-trastuzumab emtansine (Kadcyla Ò , Genentech). The commercial success of ADCs has generated interest in the development of novel and biosimilar ADCs across the biopharmaceutical industry.
Depending on the conjugation chemistry, different types of ADCs can be constructed, e.g., cysteine-conjugated, lysine-conjugated or site-specific ADCs. 5, 6 It is important to note that the degree of heterogeneity of the ADC varies with the strategy used for conjugating the drug (through the linker) to the antibody. At a molecular level, all ADC molecules bear complex chemical structures, combining the molecular characteristics of small-molecule drugs with those of large molecule mAbs. In addition, the conjugation reaction employed for the synthesis of ADCs increases the complexity of ADC samples to a higher level by producing a mixture of ADC molecules that are heterogeneous in 2 regards. First, the product population contains conjugates in a range of different drug-to-antibody ratios (DARs). For example, with conjugation at lysine residues, a distribution of DARs ranging from 0 to 8 drugs has been reported. 7 Second, any 2 conjugates with the same DAR are likely regio-isomers because the conjugation reaction is typically a random process, and there are many surface-accessible lysine residues (as well as the N termini of the light and heavy chains) in the mAb as potential candidates for modification. For example, one study found that a lysine-conjugated ADC sample with DARs ranging from 0 to 6 potentially contains over 4.5 million unique molecules. 8 Partial modification at those accessible lysine residues results in a population of products differing in conjugation sites. In contrast, the heterogeneity for cysteine-conjugated ADC samples is significantly less because there are at most 8 cysteine conjugation sites available (for IgG1). Consequently, physical/chemical properties vary with the degree of heterogeneity of the ADC, which determines the analysis strategy used for characterizing the ADC and ensuring the ADC product quality.
Given the outcome of conventional ADC manufacturing methods, the clinically approved ADCs were developed and administered as heterogeneous mixtures. This heterogeneity presents challenges to both the analysis of ADC structures, product quality and manufacturing consistency. To gain an indepth understanding of ADC structures and product quality, thereby establishing better quality control of the final drug product, various analytical techniques have been developed. For example, different analytical approaches have been employed to study ADCs at the intact protein level, the subdomain level, and the individual peptide level. [9] [10] [11] [12] [13] Although these analytical techniques are the same tools used for other biopharmaceuticals (e.g., mAbs), some specific methods were needed because of the structural complexity of ADCs and the presence of their cytotoxic agents. As a result, a substantial number of methods for the physicochemical characterization of unique features of ADCs have been developed. These include methods used in the characterization of drug-load profile and distribution, [14] [15] [16] the average DAR, 17,18 the conjugation sites, 8, 19 and the amount of unconjugated payload-related species. 20 The continuous reports of this research highlight the fact that no single technique can satisfactorily provide sufficient information about the ADC molecules. However, while physicochemical techniques can produce information about structure and composition and are used to monitor content, purity, and chemical stability of ADC, physicochemical techniques cannot yet predict ADC biological activity. Thus, a combination of physicochemical, immunological, and biological methods is necessary to demonstrate the identity, purity, concentration, and activity (potency or strength) of ADC samples.
There has been increasing interest by the biopharmaceutical industry in the development of biosimilars (including mAbs and ADCs) in order to bring less expensive biotherapeutics to the world market. 21 The clinical and commercial successes of Kadcyla Ò and Adcetris Ò validated ADCs as a therapeutic approach, but also prompted substantial interest in developing biosimilar versions. Due to the increasing level of ADC sample complexity that comes with the heterogeneity of their conjugations, some critical quality attributes (CQAs) are unique to this type of molecules. These CQAs are linked to the conjugation process and deserve both recognition and close attention when assessing ADC biosimilars. They include the drug distribution, average DAR, drug-related impurities, potency, amount of unconjugated mAb, conjugation sites and site occupancy, to name a few. These ADC product CQAs are directly linked to target site specificity, binding properties, and the in vitro and in vivo stability of the linker and drug, which in turn determines both the clinical efficacy and safety of an ADC. 22 Because of the intrinsic complexity, the CQAs can only be acquired through extensive characterization of ADCs via a combination of physicochemical, immunological, and biological methods. The establishment of the CQAs is vital for developing biosimilar ADCs to ensure their comparability with the reference (i.e., brand) product and product safety.
The FDA approved ado-trastuzumab emtansine for the treatment of human epidermal growth factor receptor (HER)2-positive breast cancer under the brand name Kadcyla Ò in 2013. Kadcyla Ò consists of the therapeutic anti-HER2 antibody trastuzumab, marketed under the brand name Herceptin Ò , covalently linked to a maytansine derivative (DM1) via a linker (Fig. 1) . The lysine-conjugated ADCs, like Kadcyla Ò , utilize the solvent-exposed e-amino groups of lysine residues to attach drugs. Trastuzumab contains 88 lysines and 4 N-terminal groups that could be modified through the conjugation steps. Due to the heterogeneous nature of lysine conjugation chemistry, the resulting conjugates consist of subpopulations that differ in the number of drugs attached, as well as the location of the drug linkage. Previous studies with Kadcyla Ò or other antibody-DM1 conjugates have given some insight into the drug distribution, load and location of conjugation sites. 8, 19 A report on Kadcyla Ò suggests that an average of »3.5 DM1 molecules are conjugated to every trastuzumab molecule, and at least 70 lysine sites are partially conjugated with the drug. 7 However, the list of conjugation sites and relative site occupancy has not been described, and the effects of the lysine conjugation sites and relative site occupancy on the various attributes of Kadcyla Ò are unknown. Here, we present results of our extensive characterization of ado-trastuzumab emtansine by a combination of analytical methods. Our aims were to: 1) explore and compare a set of analytical methods that are specific and sensitive to determine the structures of ado-trastuzumab emtansine manufactured by 2 different companies; 2) compare the analytical results and thereby assess the structural similarity of the samples; and 3) evaluate the bioactivity and the cytotoxicity of the ado-trastuzumab emtansine, thus contributing to the analytical strategies for monitoring the development of ADCs and their biosimilars. It is important to note that the conjugation procedure applied for the biosimilar ADC was the same as the documented procedure for the marketed ADC, 23 so we can eliminate any variables that could be caused by different conjugation chemistry. We also report comparisons of LC/MS results for the ADC samples on their primary amino acid sequence, DARs, conjugation sites and site occupancy. Furthermore, thermal stability, free drug content, and impurities were analyzed to further evaluate the 2 ADCs. Lastly, the biological activities of Kadcyla Ò and the biosimilar ADC were compared using a cytotoxic activity assay and a HER2-binding assay.
Results

Intact MS analysis
ADCs are a complex mixture of conjugated species, which differ in the number of payloads attached as well as the attachment sites of the payload on the mAb. Fig. 1 shows the representative structure of Kadcyla Ò , in which the modification of lysines on trastuzumab with the succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) linker allows the subsequent reaction with the sulfhydryl of the DM1 drug. The distribution of the payload was determined by intact mAb LC/MS analysis. To reduce the complexity of the ADC molecules, ADC samples were treated with PNGase F to remove the N-glycans. After the de-glycosylation step, samples from either Kadcyla Ò or a candidate biosimilar ADC were analyzed by reversed phase (RP) LC/MS. Fig. 2 shows the raw mass spectra with a m/z range between 2200 and 3600 and the MaxEnt 1 deconvoluted mass spectra for Kadcyla Ò and the candidate biosimilar ADC. The deconvoluted mass spectrum of Kadcyla Ò displayed 9 major peaks with a mass difference of 957 Da observed between adjacent peaks. This mass difference matches the combined mass of a covalently linked DM1 drug with one MCC linker (DM1C MCC, Monoisotopic Mass 956.213 2a). Each mass of the 9 major peaks in both deconvoluted spectra (Kadcyla Ò and candidate biosimilar ADCs) corresponds to the mass of trastuzumab with 0 to 8 DM1 payloads and linkers, respectively (labeled as C0, C1, etc). For each major peak in the deconvoluted spectra, a lower intensity peak with 220 Da shift was also observed. These smaller peaks were attributed to the linkers that are conjugated to the mAb molecules, but had not reacted with DM1 payloads. 7 The ion intensity between the corresponding MS peaks (by mass) in the spectra differs slightly between the 2 samples, which could be caused by the slight mass load differences in the RP column. Average DARs were determined by the weighted peak areas of all the peaks in the MS profiles. The MS-derived DAR value from ado-trastuzumab emtansine (Kadcyla Ò ) is 3.53 § 0.05, which agrees very well with reported values. 7 The candidate biosimilar ADC showed a slightly lower DAR value of 3.39 § 0.01.
Identification of conjugation sites by peptide mapping approach
Lysine-conjugated ADC and unconjugated mAb were treated separately by either trypsin or Asp-N. The digests were separated by RP chromatography and followed by UV and MS analysis in tandem for peptide identification. For each digest, fragmentation data were collected both in data-independent acquisition (MS E ) mode and in data-dependent acquisition (DDA) modes to acquire sequence information about the observed peptides. For low abundant conjugated peptides, MS E and DDA spectra can jointly identify the conjugate peptides and locate the conjugation sites. Fig. 3 shows the comparative (mirror) plots of LC-MS E tryptic peptide maps from the Kadcyla Ò and biosimilar ADC digests in either MS base peak Figure 2 . Intact mass spectra comparison between the deglycosylated Kadcyla Ò and the deglycosylated biosimilar candidate ADC: (A) the combined raw mass spectra with m/z range of 2200-3600 (B) deconvoluted mass spectra (processed by UNIFI 1.8 using MaxEnt1). Both ADC samples were treated with PNGase F. The labeled number 0, 1, …, n corresponds to the number of DM1 molecules that are connected to trastuzumab through the linker. The average DAR values are calculated and shown on the plot.
chromatogram (Fig. 3A) or UV absorbance chromatogram at 252 nm (Fig. 3B ). All the conjugated peptides elute later in the gradient and appear from 30 min to 52 min in the chromatogram, due to their increased hydrophobicity caused by the payload moiety.
Upon conjugation, modified lysine residues are no longer trypsin cleavable. As a result, the majority of the tryptic peptides with conjugated payloads are peptides containing one missed trypsin cleavage site, with the exception of lysine followed by a proline; however, the peptides from Asp-N digestion typically do not contain missed cleavages. Therefore, a majority of the conjugated peptides from trypsin digestion encompass a single conjugated lysine (unless it was next to a C-terminal proline), whereas Asp-N digestion can generate peptides with multiple lysine residues (up to 9), creating a mixture of Asp-N peptides with the identical sequence but different conjugation sites (positional isomers). These positional isomers can complicate the determination of the specific conjugated Lys residues, and require more complete sequence coverage in the high energy fragmentation spectrum. For all identified conjugation sites, only partial modification with drug payloads were observed, i.e., both modified and unmodified peptides were discovered in the experiment. Overall, lysine conjugation sites identified by the 2 enzymatic digestions were consistent (Table 1) .
It is interesting to note that the conjugation sites found in the biosimilar ADC are consistent with sites in Kadcyla Ò . Table 1 summarizes the conjugation sites identified in Kadcyla Ò and the biosimilar ADC. For ado-trastuzumab emtansine, there are 92 possible conjugation sites available (88 lysine residues and 4 N-terminal amine groups), of which 82 sites were confirmed to be partially conjugated. Furthermore, 3 sites containing just conjugated linkers were identified (Table 2 ). They are located at heavy chain K136, K213, and K225, where peptides modified by MCC linker, but not with DM1, were discovered.
The complementarity-determining region (CDR) region of trastuzumab contains one lysine residue, which is located at the heavy chain K
65
. Both trypsin and Asp-N peptide mapping analysis confirm that the heavy chain K 65 site is partially occupied by the DM1 payload. MS/MS spectra from tryptic peptide and Asp-N peptide containing the conjugated K65 site are shown in Fig. 4 . The collision-induced dissociation fragmentation spectra of the conjugated peptides show a series of signature fragments at m/z of 547.221, 485.224, and 453.199. These signature fragment peaks all show typical isotope patterns produced by compounds containing halogen elements, suggesting these peaks are derived from the chlorinecontaining DM1 drug. Conjugated peptides from ado-trastuzumab emtansine also show another characteristic chromatographic behavior that is important to consider for identifying conjugated peptides. Peptides with the conjugated DM1 drug are eluting in pairs, which attributes to the different stereochemical configurations caused by the antibodydrug linkage through a maleimide. 7 Fig . 5 shows the extracted ion chromatogram comparison of the CDR region peptide ( 62 DSVKGRFTISA 72 ) from Asp-N digestion between Kadcyla Ò and the biosimilar ADC in its conjugated or native form. The diastereomers of the conjugated peptide showed 2 peaks at 40.13 and 40.55 min, respectively, as shown in Fig. 5 (B). The percentages of the conjugated peptides were calculated to be 24 § 0.04% and 19 § 0.01% for Kadcyla Ò and the biosimilar ADC, respectively. 
Quantification of the conjugated peptides
To access the conjugation level of Kadcyla Ò and the biosimilar ADC at the individual site, the intensity of each conjugated tryptic peptide was used for comparison. A known amount of peptide (leucine enkephalin, sequence YGGFL) was spiked into each sample as the internal standard to normalize the MS signal intensity of conjugated peptides between runs. Relative intensities of the identified tryptic conjugated peptide are shown in Fig. 6 . The quantification results were grouped and presented according to different domains of antibodies. Fig. 6(A) ,(B) and (C) present variable domains (V H , V L ), constant regions (C H 1, C L ) and Fc (C H 2 and C H 3) regions, respectively. Since the majority of the tryptic conjugated peptides only contain one payload, we can use the tryptic conjugated peptides to assess the conjugation level at each individual site. The sites with less conjugation for the biosimilar ADC than Kadcyla Ò are H30 (residue 30 on the heavy chain) in the V H , L188 (C L ), H216 (C H 1), H323, H363, and H417 (C H 2CC H 3). In contrast, L145 (C L ) and L169 (C L ) and H337 (C H 2) show slightly higher percentages of conjugation in biosimilar ADC samples. 
Higher order structures
The thermal stability of Kadcyla Ò and biosimilar ADCs were evaluated by differential scanning calorimetry (DSC). All the ADC samples were analyzed in the same buffer solution with a concentration of 1 mg/ml. The DSC thermograms for all the ADC samples are displayed in Fig. 7 . There were 2 major transitions observed for all the samples. Both transition temperature 1 (Tm1) and transition temperature 2 (Tm2) are similar between Kadcyla Ò and the biosimilar ADC, which suggests the existence of a similar stability between the 2 samples.
24,23
Size variants
The size heterogeneity of the ADC samples was determined by 2 orthogonal methods, size-exclusion chromatography (SEC) and capillary electrophoresis-sodium dodecyl sulfate (CE-SDS). SEC analysis results (Fig. 8A) showed that the Kadcyla Ò sample contains 98.34% (with standard deviation (SD) of 0.04%) of monomer, 1.64% of aggregates (with SD of 0.04%) and 0.02% (with SD of 0.00%) of fragments. In comparison, the biosimilar ADC sample has 97.96% (with SD of 0.03%) of monomer, 2.00% (with SD of 0.03%) of aggregate and 0.04% (with SD of 0.00%) of fragment. Results from non-reduced CE-SDS (Fig. 8B) analysis showed the percentage of monomer is 96.63% (with SD of 0.07%), fragments 2.74% (with SD of 0.02%) and aggregate 0.63% (with SD of 0.06%) in the Kadcyla Ò sample. For the biosimilar ADC sample, the percentage of monomer is 95.43% (with SD of 0.08%), fragments 3.43% (with SD of 0.07%) and aggregates 1.14% (with SD of 0.13%). Results from both SEC and non-reduced CE-SDS analyses exhibit predominant monomer contents (>95 %) in Kadcyla Ò and the biosimilar ADC sample. The similar relatively low content of aggregates of Kadcyla Ò and the biosimilar ADC indicates their similarity in the aspect of size heterogeneity. 25 
Unconjugated (Free) drug analysis
Because the small molecule drug payload in an ADC sample is generally highly potent and very toxic, the quantity of unconjugated (free) drug is an important product quality attribute that is directly related to product toxicity and patient safety. The final product may contain residual free drug or drug-related impurities as the result of incomplete removal or shedding. It is therefore essential to characterize and quantify free drug content. Quantitative analysis of DM1 in human serum was previously demonstrated by on-line solid phase extraction with liquid chromatography tandem mass spectrometry. 26 In this study, quantification of free drug content in ADC samples was performed by RP chromatography after protein precipitation. The free drug contents of the ADC samples are shown in Table 3 . The abundance of free drug content accounts for 1.15 § 0.05% and 1.33 § 0.06% in molar ratio for Kadcyla Ò and the biosimilar ADC, respectively, which indicates a similar level of unconjugated (free) drug content.
Biological activities
In addition to the structural comparison of Kadcyla Ò and the biosimilar ADC candidate, the biological activities of the ADCs were evaluated and compared using an in vitro cytotoxic activity assay and a HER2 binding affinity assay (surface plasmon Figure 7 . The thermal stabilities of Kadcyla Ò and the biosimilar candidate ADC were evaluated and compared based on the transition temperature measurement from DSC analysis. resonance (SPR)). The cell proliferation inhibition assay was performed using human breast cancel BT-474 cells. The results showed that Kadcyla Ò and the candidate biosimilar ADC exhibited a similar dose-effect relationship. With Kadcyla Ò as the reference, the cytotoxic activity of candidate biosimilar ADC was measured at 100.54% (Fig. 9A) .
To evaluate the effect of linker-DM1 conjugation at the CDR region of trastuzumab on the binding activity to HER2 antigen, the binding of Herceptin Ò , Kadcyla Ò , biosimilar trastuzumab and biosimilar ADC to HER2 protein was evaluated by SPR using Biacore T200 (Fig. 9B) . The SPR analysis (3 replicates for each sample) showed that a K d value of 0.8123 nM (with SD of 0.0482) was acquired for Kadcyla Ò and 0.6858 nM (with SD of 0.0762) for its corresponding unconjugated trastuzumab, while a K d value of 0.7684 nM (with SD of 0.0234) was obtained for the biosimilar ADC and 0.7371 nM (with SD of 0.0494) for its corresponding unconjugated trastuzumab. The K D values among the 4 samples are quite similar, which indicates a minimal influence of CDR conjugation on antibody-antigen interaction, and similarity between Kadcyla Ò and the biosimilar ADC.
Discussion
To define the molecular similarity between a reference mAb and its biosimilar candidate, different LC-MS based approaches have been successfully applied. 21, 27 Due to the additional heterogeneity caused by the conjugation, ADCs exhibit an increased level of complexity compared with conventional antibodies. To demonstrate molecular and product equivalency of an ADC biosimilar with a reference ADC product such as Kadcyla Ò , advanced and more sensitive analytical technologies are needed. In this study, a detailed structural characterization, including intact mass analysis, DAR measurement, conjugation site identification, and site occupancy, was performed to determine the molecular similarity between Kadcyla Ò and a biosimilar ADC candidate. To examine other product attributes between the candidate biosimilar ADC and Kadcyla Ò , we applied a series of physicochemical and biological methods to compare high order structure, product impurity, free drug content, and biological activity. The quality attributes considered and analytical techniques we applied are summarized in Table 4 .
First, intact mass analysis enabled rapid examination and comparison of the mass, general drug load/distribution pattern and average DAR values between Kadcyla Ò and the biosimilar ADC. DAR is one of the most important product quality attributes of an ADC. It determines the amount of drug that can be delivered to the target cell, which directly affects safety and efficacy. Depending on the conjugation chemistry and the types of ADCs, different strategies have been implemented for DAR measurement, including UV/Vis, 9 MALDI-TOF-MS, 28 capillary iso-electric focusing (cIEF), 29 CE-MS, 30 HIC, 31 SEC/ESI-MS, 25 and IMMS. 17, 18 One advantage of MS-based analysis of ADCs is its independence of the spectroscopic nature of the linker and payload. Lysine-conjugated ADCs represent a substantial challenge for DAR determination due to their high level of heterogeneity. To date, a limited number of studies have reported DAR characterization of lysine-conjugated ADCs. Intact mass spectra clearly demonstrated that Kadcyla Ò is a mixture of species with a different number of payloads ranging from 0 to 8. The slight difference in DAR observed in the intact mass analysis suggests that the average number of payloads per antibody is slightly different between the biosimilar ADC (3.39 § 0.01) and Kadcyla Ò (3.53 § 0.01). This variation could be caused by the difference in conjugation sites or site occupancy between the samples. DAR values are calculated from the relative MS intensity of the conjugated antibodies and unconjugated antibodies. The difference in ionization efficiency between the naked antibody and the conjugated antibody may cause the MS-derived DAR to be different from the true DAR in some cases. However, the MS-derived average DAR for lysine conjugates correlates well to the UV-derived conjugates as shown in the literature. 7, 32 Hence, DAR determined by RP-LC/MS can be used for lot-to-lot comparisons of lysine conjugates. Peptide mapping is routinely used to confirm the amino acid sequence and characterize post-translational modifications for antibodies and other recombinant proteins. 33 There are very few studies in the literature that report details about the conjugation sites of ADCs and the site occupancy, especially lysineconjugated ADCs. 8, 29 Conjugation sites of huN901-DM1, another humanized IgG1 antibody with DM1 conjugated to lysine residues by the similar linker chemistry, were reported by Wang et al. 8 Of 86 lysine residues, 40 different sites on the IgG1 antibody were identified with covalently-linked DM1. In a study by Luo et al., 76 lysine sites were identified with the payload for an antibody-DM1 conjugate. 29 As described here, we identified 82 conjugated lysine sites on Kadcyla Ò , including the 4 N-terminal amine groups from the 2 light chains and the 2 heavy chains of trastuzumab. This data indicates that nearly 90% of lysine residues (a total of 92 primary amine sites) that could possibly be modified by the DM1 drug were conjugated to a certain degree. In addition, among the 82 conjugated sites identified, 3 sites were found partially conjugated with both the DM1-MCC and the MCC linker-only, and all the 3 sites are located on the heavy chain. The existence of ADC species that contain some MCC linker-only sites was also supported by intact mass analysis (Fig. 2) , in which peaks with additional 220 Da were observed next to each of the primary peaks. The incomplete conjugation in the second conjugation step of a 2-step conjugation process, where linker-modified intermediates reacted with DM1, may contribute to the linker-only sites present on the antibody. 7 In addition, early studies suggested that tyrosine and histidine residues can also be modified by succinimide ester. 34 However, we did not observe any evidence of tyrosine or histidine residues modified by linker or DM1 drugs in this study.
All the lysine residues in C H 2 domain were modified with the drug at various levels. This observation is consistent with a previous report showing that the lysine residues in the C H 2 domain for IgG1 exhibit a high degree of solvent accessibility and flexibility.
8 Two lysine residues, K 221 and K 225 , are located in the hinge region of trastuzumab. However, lysine 221 residue was not found to be modified by the linker or the linked-payload in the study. Overall, 4 other lysine residues on the trastuzumab half body (one light chain and one heavy chain) did not show any signs of conjugation. Of those 5 sites, one lysine was located in the V L (Light chain K 39 ) region, 2 residues in the C H 3 region (Heavy chain K 373 and K 412 ), one in the C H 1 (Heavy chain K 150 ) and one in the hinge region (Heavy chain K 221 ). The absence of the conjugated peptides from the 5 sites may be attributed to the low signal intensities of those peptides that are beyond the detection limit of current LC/MS methods. The observation suggests the conjugation level at these sites is likely significantly lower than that at the other identified sites, although we cannot exclude that MS responses from the conjugated peptides may also play a role in the detection.
The CDR of trastuzumab contains one lysine residue (Heavy chain K 65 ), which was also found to be partially modified (Table 1) . Without accounting for the ionization efficiency difference between the conjugated peptides and the unconjugated peptides, it is difficult to obtain an accurate picture of the site occupancy (the molar ratio) of the CDR lysine site. Modifications in the CDR region can potentially have an effect on the binding properties of the antibody. 35 It is not unreasonable to assume the HER2 binding ability might be affected somewhat by the alteration of the CDR region caused by the conjugated payload drug. The SPR analysis showed that the binding affinity to the HER2 antigens is to be similar between the naked trastuzumab and DM1-conjugated samples, both for Kadcyla Ò and the biosimilar ADC. This suggests that the steric hindrance applied by the payload moiety or the degree of the modification at the particular lysine site has not altered the interaction with HER2 antigens to such a degree that SPR can detect. The exact effect of conjugated of CDR lysine sites on the binding affinity needs to be studied in a more controllable manner, and is beyond the scope of this study. However if the lysine site(s) in the CDR is prone to be modified during ADC preparation, the abundance of the CDR peptides seems to be an important attribute to consider to ensure product quality and manufacturing consistence.
It is worth noting that the exact same lysine sites that bear both the conjugated MCC linker-only and the conjugated MCC linerpayload moieties were identified for both Kadcyla Ò and the biosimilar ADC, indicating a certain level of consistency of the controlled conjugation process. However, comparison of the relative abundance of all the conjugated peptides/sites revealed a degree of variation in the levels of conjugation between Kadcyla Ò and the biosimilar ADC as shown in Fig. 6 (B) . More specifically, the C L and C H 1 region showed the most significant difference (about 25%) between Kadcyla Ò and the biosimilar candidate, whereas the V L , V H , C H 2 and C H 3 regions had no significant differences.
Although there is no feasible way to directly correlate the DAR value with the abundance of conjugated peptides at an individual site, the overall abundance of all the identified conjugated peptide can be used to compare the conjugation levels in 2 ADC samples along with the average DAR comparison. In this study, the DAR for biosimilar candidate ADC (3.39 § 0 .01) was slightly less than Kadcyla Ò (3.53 § 0 .05), which is consistent with the results from peptide analysis, where slightly lower abundance of conjugated peptides for the biosimilar candidates was observed than for Kadcyla Ò . Although the DAR value of Kadcyla Ò and the biosimilar ADC differs somewhat from each other, this statistically significant difference does not cause biological activity differences in terms of cytotoxic activity and antigen-binding activity. Since the molecular similarity should be carefully assessed and closely monitored during biosimilar ADC development, the acceptance criteria based on physiochemical parameters like the DAR value or conjugation level should be set to correlate with comprehensive biological activity assays for the molecular similarity assessment.
DSC measures thermal stability of proteins or antibodies by quantifying the thermal denaturation process. Thermal stability can be used to determine the melting temperature, stability, and purity of a given sample. 36 DSC is widely used for evaluation of pharmaceutical products. 37 The specific application of DSC to the characterization of mAbs has been discussed previously. 38 Such applications include formulation optimization studies, 39 the comparison of the reference product and biosimilar ADCs, 21 the determination of the stabilizing effect of specific oligosaccharide PTM on mAbs, 40 and pH dependence of conformational change. 38 It was demonstrated in the study by Ionescu et al. 17 that the first transition (Tm1) in trastuzumab represents the unfolding of the CH2 domain, while the second transition represents melting the C H 3 and the Fab regions. 24 The decrease in Tm1 was observed for trastuzumab and Kadcyla Ò , which decreased by »3.2 C, while the decrease in Tm2 was only »0.1 C (data not shown). The findings were consistent with the previous study, suggesting the conjugation of trastuzumab with DM1 has a greater effect on the thermal stability of the C H 2 domain than that shown by the rest of the antibodies. 23 The 2 similar transition temperatures, Tm1 and Tm2, between Kadcyla Ò and the biosimilar candidate ADC suggest that the 2 samples have similar thermal stability.
The level of aggregation of Kadcyla Ò and trastuzumab was dramatically different as demonstrated in a previous study. 23 The modification of the surface lysine residues with a large hydrophobic molecule like DM1 results in neutralization of the positive charge and a significant increase in the hydrophobicity of the molecule. Since ado-trastuzumab emtansine is prone to aggregation, monomer content has to be closely monitored due to process change or during manufacturing. SEC-HPLC and CE-SDS demonstrated the monomer content to be similar or lower in the biosimilar ADC compared with Kadcyla Ò . In summary, we presented a detailed structural characterization of ado-trastuzumab emtansine, including establishing the drug load profile. We also succeeded in localizing and profiling the individual drug conjugation site. The structural characteristics between a biosimilar candidate ADC and the brand product Kadcyla Ò were compared to define molecular similarity. This study demonstrated that the 2 ADCs are structurally quite similar, although a discrepancy was found in DARs and the conjugation ratios in some lysine conjugation sites. Since these structural features or the quality attributes are critical to the clinical efficacy and safety of ADC, they need to be closely assessed and monitored during the development of a biosimilar ADC. Furthermore, other product attributes were also compared in this study, including high order structure, monomer content, free drug content, and biological activities. These characteristics between the biosimilar ADC candidate and Kadcyla Ò match well despite of the discrepancy found in DARs and the conjugation ratios. However, properties like plasma stability and in vivo pharmacokinetics have not been evaluated in the current study for the ADC samples, which can be different due to the observed difference in DAR values, conjugation ratio or conjugation site distribution. 41 Therefore in the development process of a biosimilar ADC, the structural features should be further studied in relationship to other attributes, especially biological activities, to properly understand the similarity of ADC biosimilar products in the future. In addition, it is also important to choose the appropriate analytical and bioanalytical techniques to assess the similarity of the products and ensure the product quality during manufacturing.
Materials and methods
Sample and materials
Kadcyla
Ò and Herceptin Ò were from Genentech Roche (Basel, Switzerland), and the candidate trastuzumab and biosimilar ADC were from a Chinese pharmaceutical manufacturer.
Iodoacetamide (IAM), dithiothreitol (DTT), urea, tris-hydrochloride (tris-HCl) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sequencing grade modified trypsin and Asp-N were purchased from Promega Corporation (Madison, WI, USA). Formic acid, acetonitrile (ACN, Optima LC/MS grade) and H 2 O (Optima LC/MS grade), and tris hydrochloride solution (1 M, pH 7.5) were obtained from Fisher Scientific (Pittsburg, PA, USA). Illustra NAP-5 columns were purchased from GE Healthcare (Pittsburg, PA, USA).
Intact mass
Herceptin
Ò and Kadcyla Ò solution were diluted to a concentration of 1 mg/mL in 100 ml 1 M tris-HCl buffer (pH D 7.5). 2 ml of glycerol-free PNGase F (New England BioLabs, Ipswich, MA, USA) solution was added into each sample, and the reaction mixture was incubated for 20 hours at 37 C. The incubated solution was diluted with 3% acetonitrile, 97% H 2 O, and 0.1% formic acid to final concentration of 0.5 mg/mL. A total of 0.5 mg of Herceptin Ò or Kadcyla Ò was injected for each LC/MS run.
Peptide mapping analysis
Trastuzumab (1 mg/ml) and ado-trastuzumab emtansine (1 mg/ ml) were denatured in 6.5 M guanidine chloride, with 0.25 M Tris, and pH of 7.5. The denatured antibody solution was mixed with 500 mM DTT to a final concentration of 3 mM and incubated at room temperature for 45 minutes, then alkylated by adding 500 mM iodoacetamide stock solution to a final concentration of 7 mM incubated at room temperature in the dark for 40 minutes. Buffer exchange (0.1 M Tris, 1 M urea, pH 7.5) was performed using a NAP-5 column (GE Healthcare, Wilmington, MA, USA). Sequencing-grade modified trypsin or Asp-N was added to each sample (enzyme to protein ratio 1:25, w/w) and incubated at 37 C for 5 hours. The digested peptide mixture was diluted to 0.45 mM. Leucine enkephalin (LeuEnk, sequence YGGFL) was added to the mixture at the final concentration of 0.05 mM. The injection volume for each LC/MS run was 5.0 ml.
LC/MS Instruments and bioinformatics
Intact protein and enzyme digests of trastuzumab and ado-trastuzumab emtansine were analyzed in triplicate using an ACQ-UITY UPLC H-Class Bio System coupled with a Xevo G2-XS QToF mass spectrometer equipped with a lockspray ion source (Waters Corp., Milford, MA, USA). Intact protein samples were separated with an ACQUITY UPLC protein column (2.1 mm X 50 mm BEH300 C4 1.7 mm, Waters Corp, Milford, MA) using a 10 min linear gradient at a flow rate of 0.200 mL/ min. Peptides from protein digests were separated with a ACQ-UITY UPLC peptide column (2.1 £ 100 mm BEH300 C18 1.7 mm, Waters Corp, Milford, MA) using a 60-min linear gradient at a flow rate of 0.200 mL/min. Mobile Phase A was made up of water with 0.1% formic acid, while Mobile Phase B was made up of acetonitrile with 0.1% formic acid. For the data acquisition during the peptide analysis, the Xevo G2 XS QToF mass spectrometer was operated either in the MS E or FastDDA modes. For the MS E mode, the instrument alternated between low energy and high energy scans (0.5 sec per scan), which were used to generate intact peptide ions (from low energy scans) and peptide product ions (from high energy scans). A collision energy ramp between 20 V and 45 V was used for fragmenting peptides in high energy scans. Glu-fibrinopeptide standard (Waters, MA, USA) at a concentration of 100 fmol/ mL (m/z 785.8426) was continuously infused at a flow rate of 10 mL/min through the lockspray channel, and the lockmass signal (for 0.5-sec scan) was acquired at every 30 s to provide the external mass calibration.
The LC/MS raw data for peptide analysis was processed using UNIFI Scientific Informatics System (Version 1.8) to generate precursor masses as well as the associated product ion masses (charge state reduced and de-isotoped) for subsequent protein identification and quantification. The following criteria were used to identify the conjugated peptides during the current analysis: 1) Mass accuracy for the matched precursors must be within 4 ppm of mass error; 2) At least 3 primary fragment ions must be matched for each mass-confirmed peptide; and 3) Signature fragments (m/z, 547.221) must correspond to the drug payload and are observed for identification of conjugated peptides.
For peptide quantification, extracted ion chromatographic (XIC) peak areas that correspond to all the charge states along with all the specified adduct ions of each peptide (e.g., sodiated adducts) were combined as a single measure to quantify the abundance of the peptide and its conjugated isoforms. All the peak areas were normalized against the peak areas of the spiked-in internal standards, and triplet injections were performed for each sample. The relative site occupancy from Asp-N digestion was calculated as the ratio of conjugated peptide peak area and total peptide peak area using Eq. 
Differential scanning calorimetry
Thermal analysis of the ADC samples was performed using MicroCal VP-Capillary DSC. Each ADC sample was diluted to 1.0 mg/ ml by addition of phosphate-buffered saline. The instrument scanned each sample over a temperature range of 20 to 110 C at a rate of 1.5 C /min. Data analysis was done using Origin 7.
Free drug analysis
The ADC samples (50 ml each) were treated with 100 ml cold methanol and incubated for 30 min in ice bath. The samples were then centrifuged at 13,000 rpm for 30 min and the supernatant was subject to further analysis using RP liquid chromatography. The standard curve was generated using serial dilution of DM1 standards stock solution. The free DM1 amount was calculated by Eq. (2) as follows:
Free DM1 % D moles of Free DM1 6 DAR x moles ADCs ð Þ (2) Size-exclusion chromatography SEC experiments were performed using the Waters Alliance 2690 system using TSKgel G3000SWXL (5mm, 300 £ 7.8 mm).
The mobile phase was 0.2 M tripotassium phosphate and 15% isopropyl alcohol at a flow rate of 0.5 ml/min. The UV absorbance was measured at a wavelength of 280 nm.
Capillary sodium dodecyl sulfate gel electrophoresis
The Beckman PA800 plus system was used for CE-SDS with Beckman capillary (50 um ID x 65 cm) to analyze the ADCs samples. All samples were diluted to 1.0 mg/ml with water. Fifty ml of each ADC sample was mixed with 100 ml of SDS sample buffer and 5 ml of 500 mM iodoacetamide. The mixture was heated at 70 C for 10 min before injection. The instrument was operated at a voltage of 15 kV for protein separation and the UV detection was recorded at a wavelength of 220 nm.
Cell proliferation inhibition assay
BT-474 cells at the logarithmic growth phase were treated with 0.25% Trypsin-EDTA. Cells were re-suspended in 10% FBS-DMEM / F12 medium with cell density at 1.5 £ 10 5 / ml, and they were seeded in a 96-well cell culture plate (100 ml per well). 1:2 folds of serial dilution of the samples was done using 10% FBS-DMEM/ F12 culture medium to a final concentration of 0.039 mg/ml. The series of diluted samples were transferred into BT-474 cell culture plates that had been inoculated (50 ml per well). The plates were incubated at 37 C in a humidified 5% CO 2 incubator for 5 2. After incubation, each well was treated with 10 ml CCK-8 solution followed by incubation for 4 hours. The absorbance at 450 nm was recorded using a SpectraMax M5 microplate reader.
Surface plasmon resonance
The binding to HER2 protein was evaluated by SPR using Biacore T200. Anti-human IgG-Fc antibodies were immobilized to a CM5 sensor chip surface via the amine coupling method. Each ADC sample was diluted to 5 mg/ml with a 1X HBS-EP buffer with a flow rate of 5 ml/min to flow through Flow Cell 2. The HER2 protein was serially diluted with 1X HBS-EP buffer and injected into the ligand-immobilized CM5 chip with an injection time of 120 seconds and a dissociation time of 1500 2econds. The data was globally fitted using a 1:1 binding model. The K D value was evaluated using Biacore T200 software (v. 2.0).
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